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Any intelligent fool can make things bigger and more complex... It takes a touch
of genius --- and a lot of courage to move in the opposite direction.
- Albert Einstein
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Abstract
Attempts to study the asymmetric hydroformylation abilities of
[rac-Rh2(nbd)2(et,ph-P4)](BF4)2 were made through the separation of the
enantiomers of et,ph-P4 using a chiral HPLC column. Efforts were also made to
optimize the NiCl2 separation chemistry for the methyl analogue of et,ph-P4 for
use in asymmetric hydroformylation. A study of hydroformylation of olefins using
[rac-Rh2(nbd)2(et,ph-P4)](BF4)2 in ionic liquids was also performed, leading
directly to the important (and unexpected) effect of increased hydrogen pressure
on [rac-Rh2(nbd)2(et,ph-P4)](BF4)2 in the acetone/water system to yield higher
selectivities and rates. This has shed new light into the detrimental effect of CO
on our dirhodium catalyst system.
Difficulties reproducing previous initial hydroformylation rates using [racRh2(nbd)2(et,ph-P4)](BF4)2 and the acetone/water solvent system led to a study
of the conventions used when reporting rate data in hydroformylation, and a
discussion and proposed method for reporting data that should lead to more
consistent results is included here. Also included here, in an effort to help
maintain synthetic continuity in the Stanley research laboratory, is an in-depth
experimental methods chapter that includes detailed explanations of the
synthesis and 31P spectra of all intermediates involved in the synthesis of et,phP4, and an explanation of collection and methods used in catalytic studies.
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Chapter 1. Introduction
1.1.

Hydroformylation
Hydroformylation, or oxo, is one of the most important homogeneous

industrial processes in use today. The reaction involves the use of hydrogen,
carbon monoxide, and alkenes to produce aldehyde products.

Aldehydes
Rh or Co

R

R

+ CO + H2

H
linear (normal)

side reactions

R
alkene isomerization

O

H

O
+

*

R

branched (iso)

R
alkene hydrogenation

Figure 1.1. Hydroformylation

As can be seen above in Figure 1.1, hydroformylation can give two aldehyde
products. Linear (or normal) aldehyde is usually preferred over branched (or
iso) aldehyde. Therefore, catalytic systems are typically designed to give a
high ratio of linear to branched aldehyde using various electronic and steric
ligand effects, while minimizing the hydrogenation and alkene isomerization
side reactions. The main focus of research in recent years has been the
synthesis and design of new, elaborate ligands, especially diphosphines
which seek to maximize the steric and electronic influence of the ligands on
the activity and selectivity of the reaction; though none yet discovered rivals
the PPh3 ligand for low cost and ease of use.
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1.2.

Cobalt Catalyzed Hydroformylation
The first hydroformylation catalyst was accidentally discovered by Otto

Roelen in 1938. The widely accepted mechanism, shown above in Figure
1.2, was proposed by Heck and Breslow in 1961.1
O
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R
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+ CO
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O

C
O

R

H

+CO

O
C
OC

CO

OC

H

O
C
CO

OC

Co

C
O

R

Figure 1.2. Cobalt hydroformylation mechanism.
The widely accepted mechanism, shown above in Figure 1.2, was
proposed by Heck and Breslow in 1961.1 The mechanism proceeds via a
carbonyl dissociation from HCo(CO)4 to open a coordination site, followed by
alkene coordination to the cobalt center, migratory insertions of hydride followed
by carbon monoxide, and finally reductive elimination of the aldehyde product.

2

This catalyst was widely used until the 1970’s when rhodium/phosphine catalysts
began to show favor with the chemical industry due to their high activity and
selectivity.
1.3.

Modified Rhodium Catalysis
Influenced by the work of Osbourne, Wilkinson, and Young, many

industries began to show interest in Rhodium/phosphine ligand based catalytic
reactions in the 1970’s.2

H
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CO

PPh3

PPh3

+ alkene

- CO

OC
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R

H
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OC

Ph3P

R

O

Rh
CO

PPh3
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Figure 1.3. Rh/PPh3 -catalyzed hydroformylation mechanism.
As can be seen in Figure 1.3, the mechanism for hydroformylation catalysis using
the Rh/PPh3 system is very similar to the mechanism using the cobalt catalyst,
except that the PPh3 ligand replaces two carbonyls giving considerably more
electronic and steric control over the reaction. In this system, careful attention is
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paid to the amount of PPh3 used in order to maximize the selectivity and the rate
of hydroformylation. This process has been one of the most widely used
commercial hydroformylation processes used to date with over 70% of industrial
processes using the Rh/PPh3 catalyst system (or closely related variants). The
low cost of PPh3 and the ease of use has made this process very lucrative to
industry, especially in the case of hydroformylation of lower chain alkenes (C8
and lower). The addition of excess PPh3 by Pruett at Union Carbide was
instrumental in bringing this process to commercial application.4,5,6 At least 400
equivalents of PPh3 (0.4 M concentration when using 1 mM Rh) is need to form
an industrially stable Rh catalyst, and to minimize the formation of 14 electron
unsaturated complexes that lead to the Rh-induced fragmentation of the PPh3
ligand. As a general rule, selectivity will increase with increasing PPh3
concentration, while the catalysis rate decreases with increasing PPh3
concentration. This general rule holds true for most modified Rh catalysts.
Ligand electronic and steric effects both play very important roles in
hydroformylation. Electron donating ligands, such as alkyl phosphines, give very
slow catalysis by strengthening the Rh-CO bond (increased π-backbonding) and
stablizing 5-coordinate 18e- complexes that are catalytically inactive.7 Aryl
phosphines, being poorer donors, give faster rates than alkyl phosphines. One
prime example is the widely used PPh3 discussed previously; adding electron
withdrawing groups to the aryl ring gives faster rates still, but leads to faster
catalyst deactivation reactions. Phosphite ligands generally give the fastest rates
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by far, but these ligands are particularly prone to unwanted fragmentation
reactions.
Ligand steric effects primarily control the regioselectivity of the catalysis.
More sterically demanding ligands, up to a point, will produce higher l:b aldehyde
product ratios. Phosphine ligands that are too bulky, like PCy3, can form
HRh(CO)(PR3)2 catalysts, but these are too sterically crowded to allow
coordination of the alkene substrate. Dissociation of one of the bulky phosphine
ligands leads to the formation of HRh(CO)2(PR3) catalysts that now have only a
single bulky phosphine ligand, which reduces the electron density on the Rh
center. This, in turn, effectively weakens the strength of the Rh-CO bond (less πbackbonding) allowing for easier dissociation of CO from the complex producing
a far more active, but far less selective catalyst.8
1.4.

Diphosphine Modified Rh Catalysts
The key to performing efficient, selective hydroformylation using Rh

modified systems is the formation of a HRh(CO)(PR3)2 catalyst. With the PPh3
system described previously, this is accomplished by the addition of excess PPh3
ligand used to combat the facile dissocation of PPh3 from the catalyst. The need
to maintain coordination of two sterically directing phosphine ligands on the
catalyst logically led to the use of diphosphine ligands and the chelate effect to
stabilize the formation of HRh(CO)(PR3)2 complexes. The favorable effects of
diphosphines were first reported in the 1960’s by Iwamoto.9 Unfortunately, most
common chelating bisphosphines, like Ph2PCH2CH2PPh2 (dppe), lead to
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hydroformylation catalysts with negligible activities, very poor regioselectivities,
and numerous side reactions.10
The key problem here appears to be that cis-phosphine coordination
(relative to trans when dealing with two monodentate phosphines) generates
sterically open 5-coordinate catalyst complexes that favor equatorial-axial
bisphosphine coordination. Casey and van Leeuwen have both proposed that
equatorial-equatorial phosphine coordination is important for increasing the steric
factors to direct the alkene-hydride migratory insertion towards the linear alkyl
intermediate, as illustrated in Figure 1.3.8 This is called the “bite-angle”
hypothesis and leads to the prediction that bisphosphine ligands with larger and
more rigid chelate (bite) angles will favor equatorial-equatorial coordination and
higher product regioselectivities.

H
R2P

R

Rh
PR2

R2
P

Rh

R
C

H

O

C

bite-angle

P
R2

O
axial-equatorial
phosphine coordination

equatorial-equatorial
phosphine coordination

low activity
low selectivity

good activity
high selectivity

Figure 1.4. Illustration of axial-equatorial and equatorial-equatorial bisphosphine
ligand coordination on 5-coordinate catalysts.
The are quite a few large bite-angle bidentate ligands that have been
designed for Rh-hydroformylation - among the best are the Bisbi, Naphos, and
Xantphos ligands shown in Figure 1.3.11,12,13 These all form relatively rigid 9-
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membered chelate rings that moderately to strongly favor equatorial-equatorial
coordination for the 5-coordinate catalyst intermediates.

Figure 1.5. Diphosphine ligands.

In 1987, Devon from Eastman Texas reported the BISBI/Rh hydroformylation
catalysis. This ligand afforded a higher selectivity than that previously observed,
and the derivative NAPHOS, originally prepared by Takaya and coworkers,
afforded even higher selectivity, amongst the highest seen in hydroformylation
catalysis. BISBI gives l:b ratios in the neighborhood of 80:1 and NAPHOS gives
ratios of ca. 150:1. This increase in selectivity versus the less hindered
diphosphines, such as dppe, is due to the large bite angle of this ligand family;
ca. 124o, and the less donating nature of the BISBI and NAPHOS ligands. Van
Leeuwen developed the Xantphos family of ligands, which are known for their
moderate activity and high selectivity, and for the ease in which the ligand
backbone and substituents can be changed to study steric and electronic effects
on hydroformylation catalysis.13
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1.5.

Multimetallic Hydroformylation Catalysis
Traditionally, the focus of improvement in hydroformylation catalysis has

been placed on the design of elaborate, hard to synthesize new phosphine and
phosphite ligands that affect the steric and electronic properties of the metal
complex used in the catalysis. Another approach has been through the use of
bimetallic metal complexes. Multimetallic complexes possess several theoretical
advantages in catalysis such as the ability to facilitate multi-electron transfers,
the use of weak metal-metal bonds as protected “open” coordination sites and as
driving forces to help mechanistic steps such as oxidative addition or reductive
elimination, and mixed-metal systems where the differing properties of the two
metal centers can help to facilitate various steps in a catalytic cycle.
Heck first mentioned bimetallic cooperativity in his 1961 mechanism for
HCo(CO)4 catalyzed hydroformylation where he proposed an additional bimetallic
pathway in which the intermolecular hydride transfer from HCo(CO)4 to
Co(acyl)(CO)4 leads to the reductive elimination of aldehyde and the formation of
Co2(CO)8 (shown in Figure 1.5).1

O
OC

R
Co

CO

H
+

OC

Co

C
O

CO
H

CO

CO

O
C

O

C
O

R

+

O C Co
C
C O

O

O

O C
C

Co CO
C
O

Figure 1.6. Proposed bimetallic pathway for Co catalyzed hydroformylation.
Heck, however, favored the monometallic pathway for his mechanism because
the concentrations of the bimetallic species are low leading to a very unfavorable
8

kinetic situation. Subsequent spectroscopic studies did in fact show that the
monometallic pathway is the predominate mechanism. There have been
numerous attempts to perform successful hydroformylation with dimers and
metal cluster compounds, but generally these have been abysmal failures.
Pittman used cobalt clusters for the hydroformylation of 1-pentene and saw
reasonable activity, but the selectivity was a low 1.4:1.14
The only example of an active and selective bimetallic (or polymetallic)
hydroformylation catalyst system is the one developed by Stanley. He designed a
binucleating tetraphosphine ligand, et,ph-P4 (Figure 1.6), to bind two Rh metal
centers via a methylene bridge in order to test the role of bimetallic cooperativity
in hydroformylation catalysis.15 The internal phosphines of et,ph-P4 are chiral
and give rise to two diasteromers that maintain their relative conformations when
bound to the two Rh metal centers, as shown below in Figure 1.7. The catalyst
precursor [rac-Rh2(nbd)2(et,ph-P4)](BF4)2, 1, is formed through the reaction of
two equivalents of [Rh(nbd)2](BF4) with one equivalent of rac-et,ph-P4. The
active hydrido-carbonyl catalyst is then formed in situ by the reaction of 1 with
CO/H2.
The catalyst precursor is allowed to react for 20 minutes with syn gas to
equilibrate and assure the formation of the active catalyst species. Previously,
40 minutes has been used, and this led to much lower activity for Stanley’s
catalyst. This is one of the basic tenets of catalysis research; any system can be
improved by the manipulation of the reaction conditions, not just by the use and
development of new ligand metal complexes.
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Figure 1.7. Two diasteromers of et,ph-P4 and bimetallic complexes formed upon
coordination.

Studies indicate that Stanley’s racemic dirhodium et,ph-P4 catalyst
provides activity and selectivity that is superior to most of the best monometallic
systems known. The racemic complex displays the most dramatic example of
bimetallic cooperativity ever observed for a homogeneous catalyst, while the
meso dirhodium catalyst is far less active and selective. The most likely reason
for the dramatic differences between the rac- and meso-et,ph-P4 Rh2 catalysts is
the ability of the racemic complex to readily form the closed-mode edge-sharing
bioctahedral-like catalyst species [rac-Rh2H2(μ-CO)2(et,ph-P4)]2+, 2. The
racemic ligand favors facile intramolecular hydride transfers that are critically
important for the hydroformylation catalysis. The racemic precursor is more likely
to form this species because of the stereochemical orientation of the phosphine
chelate rings and the proximity of the ligands to the metal centers (Figure 1.7).
The meso-Rh2 complex with the two cisoidal phosphine arms has less room to
accommodate two bridging ligands that help to stabilize this closed-mode
geometry.
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Figure 1.8. Stereochemical orientations of rac- and meso-Rh2(et,ph-P4).

The proposed mechanism for hydroformylation by the bimetallic catalyst
system is shown in Figure 1.8. The mechanism begins with the pentacarbonyl
species, 3. Oxidative addition of hydrogen produces the zwitterionic species, A,
with a mixed Rh(I)/Rh(III) formulation. An intramolecular hydride transfer between
the two metal centers produces the isomeric closed-mode catalyst species, 2*
and 2. We consider symmetrical 2 with two terminal hydrides and bridging
carbonyls to be the key hydride-containing “active” catalyst species that reacts
with the alkene. 2 is drawn without any terminal “axial” CO ligands, but we
believe that CO ligands are involved in a facile on-off equilibrium.
2 reacts with alkene to produce complex B. Migratory insertion of the
alkene gives the alkyl complex C, followed by CO coordination and migratory
insertion into the metal alkyl bond yielding the acyl complex, D. Reductive
elimination of aldehyde product can now occur, either via a direct bimetallic
hydride-acyl pathway or from another intramolecular hydride transfer. This
mechanism has the same basic steps as monometallic hydroformylation, only
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with extra steps that facilitate the bimetallic cooperativity through intramolecular
hydride transfers.
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Figure 1.9. Proposed mechanism for bimetallic hydroformylation using [racRh2(et,ph-P4)]2+ complexes.
In situ FT-IR studies have provided strong evidence for the proposed
dicationic Rh(II) species in hydroformylation, with the catalyst activity appearing
to directly relate to the intensity of bridging carbonyl bands in the IR spectrum.16
The in situ high pressure NMR studies do not show the presence of a static
species, 2, but rather what appears to be a temperature dependent dynamic
equilibrium between 2* and 2. The observed open-mode pentacarbonyl
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complex, 3 (also structurally characterized), and the closed-mode double
carbonyl bridged complex 4 proposed from the in situ NMR studies are both
consistent with the dihydride species 2 (and 2*).
Despite years of study, Stanley’s bimetallic catalyst is still not
mechanistically well understood. Having said that, it is one of the most versatile
systems known able to produce aldehydes, carboxylic acids, and alcohols from
olefins by varying the catalytic conditions. Studies have been performed on the
chemistry of this system to facilitate the synthesis of the ligand and catalyst
precursor, and catalyst method development to study and optimize the
hydrocarboxylation reaction, as well as to optimize the selectivity and activity of
this system. Other more conformationally rigid ligand derivatives of et,ph-P4 are
currently in the process of being synthesized to minimize catalyst deactivation
side reactions.
Attempts to study the asymmetric hydroformylation abilities of 2 were
made through the separation of the enantiomers of et,ph-P4 using a chiral HPLC
column. Efforts were also made to optimize the NiCl2 separation chemistry for the
methyl analogue of et,ph-P4 for use in asymmetric hydroformylation. A study of
hydroformylation of olefins using 1 in ionic liquids was also performed, leading
directly to the important (and unexpected) effect of increased hydrogen pressure
on 2 in the acetone/water system to yield higher selectivities and rates. This has
shed new light into the detrimental effect of CO on 2.
Difficulties reproducing the results produced by Dr. David Aubry using 1
and the acetone/water solvent system led to a study of the conventions used
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when reporting rate data in hydroformylation, and a discussion and proposed
method for reporting data that should lead to more consistent results is included
here. Also included here, in an effort to help maintain synthetic continuity in the
Stanley research laboratory, is an in-depth experimental methods chapter that
includes detailed explanations of the synthesis and 31P spectra of all
intermediates involved in the synthesis of et,ph-P4, and an explanation of
collection and methods used in catalytic studies.
1.6.
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Chapter 2. Asymmetric Hydroformylation and Tetraphosphine Ligand
Separations

2.1. Introduction
Hydroformylation produces two isomeric products: the linear aldehyde
and the branched aldehyde, which, in the case of asymmetric hydroformylation
has a new chiral center alpha to the carbonyl of the aldehyde for most alkenes.
For most industrial applications, the linear aldehyde product is the desirable form
of the aldehyde; therefore, catalysts containing bulky ligands are synthesized in
order to favor the linear bonding mode to the metal center during catalysis.
However, branched aldehydes and related compounds are desirable in
pharmaceutical and fine chemical markets. One example of this is the pain
reliever naproxen (also known as Aleve). (R)-Naproxen is a deadly liver toxin,
while (S)-naproxen carries the desired anti-inflammatory characteristics;
asymmetric hydroformylation is one way in which only (R)-naproxen can be
selectively synthesized (Scheme 2.1).
A desirable asymmetric hydroformylation catalyst would produce high
branched regioselectivity along with high enatioselectivity which is defined by
enatiomeric excess:

ee =

R−S
R+S

∗ 100%
H

(S)

H2 + CO

MeO

asymmetric
hydroformylation
catalyst

HO

O
[oxidation]

(S)

MeO

MeO

Scheme 2.1. Asymmetric synthesis of Naproxen via hydroformylation and
oxidation to carboxylic acid.
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Unfortunately, addition of phosphine ligands to metal catalysts almost
always shifts the product to a much higher linear regioselectivity.1 This effect
can be greatly overcome, however, by using alkene substrates with π-systems or
heteroatoms adjacent to the double bond such as vinyl arenes or vinyl esters.2
These α-substituted alkenes have a strong electronic preference for producing
branched aldehydes. This is believed to occur because the heteroatom next to
the double bond causes a polarization of the HOMO towards the heteroatom on
the alkene substrate, while the LUMO is polarized toward the terminal carbon of
the alkene substrate as shown in Figure 2.1. This shifting in compositions for the
HOMO and LUMO orbitals favors the hydride addition to the C=C bond to
produce the branched alkyl that ultimately gives the branched aldehyde product.

Figure 2.1. Orbital polarization on alkenes with α-substituents that favor the
branched aldehyde product.

2.2.

Monometallic Asymmetric Hydroformylation
The first asymmetric hydroformylation catalysts were based on

homogeneous Pt/Sn catalysts using chiral chelating phosphine ligands.3 The
systems based on Pt/Sn are both slower and have much lower regioselectivity
than those based on rhodium catalysts.
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The first significant advance in Rh catalyzed asymmetric hydroformylation
occurred in 1993 when Takaya, Nozaki et al used (R,S)-BINAPHOS (see Figure
2.2) to hydroformylate a number of alkenes with high ee’s.4 The reactions were
performed in benzene with 1-3 equivalents of (R,S)-BINAPHOS per Rh(CO)2
(acac). These reactions proceeded with little or no side reactions, and gave the
highest %ee’s ever recorded (See table 1 below).
Table 2.1. Select data from Rh/R,S-BINAPHOS asymmetric hydroformylation
using 100 atm H2/CO
Substrate
Vinyl Acetate

S/C
Ratio

T (C)

Time
(hr)

b:l Ratio

%ee

Configuration

400

60

36

6.1

92

S-(-)

300

60

90

8.1

85

R-(+)

2000

60

43

7.3

94

S-(+)

O
NH
O

Styrene

Another example of a good rhodium-based asymmetric hydroformylation
catalyst was developed by Babin and Whitaker at Union Carbide Corporation.
The best results were obtained with the ligand UC-P2 (Fig. 2.2) in which a b:l
regioselectivity of 49:1 and %ee of 90% were obtained for the asymmetric
hydroformylation of styrene at 25oC and 34 atm of H2/CO. When toluene is used
as the solvent for this reaction, the reaction was very slow. Raising the
temperature to 50 degrees gave the expected result of lowering the
regioselectivity and enantioselectivity (18:1 and 71% respectively) while only
increasing the rate by around 10%. Changing the solvent to para-nitrobenzene
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increased the rate almost ten fold while giving a 91:1 b:l and 85% ee.

Figure 2.2. Rh catalysts based on BINAPHOS and UC-P2.

2.3. Asymmetric Bimetallic Hydroformylation
In our group, much work has been done using several tetraphosphine
ligand containing rhodium bimetallic complexes for homogeneous
hydroformylation.5-9 Two of these ligands, et,ph-P4 and me,ph-P4 , shown in
Figure 2.3, show promise as asymmetric hydroformylation catalysts.2

racemic

racemic

PMe2

Ph

PEt2

Ph
P

P

P

P

Ph

Ph
Et2P

Me2P

+

+
Ph

Ph

Ph
P

Me2P

Ph
P

P
PMe2

Et2P

meso

P
PEt2

meso

Figure 2.3. Structures of me,ph-P4 and et,ph-P4.
As shown above, the ligands are synthesized as a 1:1 mixture of the two
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diasteromers, racemic and meso, with only the racemic isomer forming an active
and stable hydroformylation catalyst.6 The racemic ligand exists as two
enatiomers, RR and SS, and these two enatiomers of the P4 ligands must be
separated and obtained in high purity in order for asymmetric hydroformylation to
occur.
Table 2.2. Hydroformylation regioselectivity of dirhodium catalysts R,R- or S,S[Rh2H2(μ-CO)2(P4)]2+ (P4 = et,ph-P4 or me,ph-P4).

b:l
et,ph-P4

Alkene

vinyl acetate
vinyl propionate
vinyl butyrate
vinyl benzoate

me,ph-P4

4 (85% ee)
4 (85% ee)
6
15

15
18
16
35*

In regular hydroformylation, the et,ph-P4 ligand shows the best
regioselectivity, which is logical since the ligand is somewhat more sterically
hindered relative to me,ph-P4. But binding site modeling done in our group
shows that the methyl-P4 ligand should give a higher branched regioselectivity,
which has indeed been shown to be true in the case of several different alkene
substrates as shown in Table 2.2 above.
Our catalyst is interesting and unique because it is a highly effective
bimetallic system. As seen in Figure 1.8 (page 13), step 4, our catalyst is fairly
rigid due to the bridging carbonyl ligands and the Rh-Rh bond. This minimizes
the distortion of the phosphine ligand upon coordination of the alkene substrate
as compared to other monometallic catalysts with square planer geometry. This
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increase in the ligand steric effect produces higher regioselectivity in the final
aldehyde product.
Current limitations on our catalyst system for use as an asymmetric
hydroformylation catalyst are mainly due to the difficulty in obtaining the R,R and
S,S-P4 ligands in high enough purity for their use in asymmetric
hydroformylation, and the difficulty of removing the meso diastereomer,
especially when using the me,ph-P4 ligand. This separation and purification
problem has been one focus of my research.
2.4.

HPLC Separation of the Enantiomers of et,ph-P4
Meso-et,ph-P4 can be separated from rac-et,ph-P4 using the NiCl2

procedure developed in our group.10 Further separation of the R,R and S,Senatiomers of rac-et,ph-P4 is crucial to the use of et,ph-P4 as an asymmetric
hydroformylation catalyst. Although this has been accomplished before in our
group, part of my project was to couple the newer NiCl2-based rac-meso P4
ligand separation procedure with the use of a different HPLC system in order to
obtain higher purity R,R- and S,S-et,ph-P4.
A second goal, once R,R- and S,S-P4 ligands have been isolated, was to
develop methods to recrystallize the chiral [Rh2(nbd)2(et,ph-P4)](BF4)2 catalyst
precursors. The use of recrystallized enantiomerically pure catalyst precursor is
very important for obtaining good asymmetric catalytic results. Previously, the
only way that we could obtain crystalline catalyst precursor was to use the
neutral system Rh2(allyl)2(et,ph-P4) followed by activation with two equivalents of
HBF4 to generate the dicationic active catalyst. Unfortunately, Rh2(allyl)2(et,ph-
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P4) is difficult to prepare, work with, and recrystallize. The [Rh2(nbd)2(et,phP4)](BF4)2 catalyst precursor is much easier to work with, but we have not, as
yet, developed methods to recrystallize the R,R- and S,S-enantiomers.
For et,ph-P4 separation of the two enantiomers a Chiralcel OD column is
used along with a Dynamax Ranin HPLC utilizing a Dynamax UV detector. A
good separation of the enantiomers was obtained using ligand as low as 60%
racemic; a typical HPLC chromatogram is shown in Figure 2.4.
R,R-(-)et,p h-P4
S,S-(+ )et,ph-P4

Meso
Im purities

Im purities

3.9

15.2

Figure 2.4. HPLC chromatogram of et,ph-P4 (~ 65% racemic).

The chromatogram shown in figure 2.4 was from ligand which was ~65%
racemic. The first enatiomer, designated as R,R-(–) et,ph-P4, was collected at
approximately 7.6 minutes at a flow rate of 10.0 ml/min in a 98% hexane 2%
isopropyl alcohol system. The specific rotation was measured on a Jasco DIP370 polarimeter with a value of [α ]D = -77.3o for the R,R-enantiomer. The
21

second enatiomer, S,S-(+)- et,ph-P4 was collected at approximately 9.2 minutes
at the same flow rate as above, and had an [α ]D = +88.3o. R,R and S,S
21

assignments are based on a crystal structure of S,S-Ni2Cl4(et,ph-P4) by Drs. Pia
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Alburqurque and Frank Fronczek (ORTEP shown below).11

S,S-Ni2Cl4(et,ph-P4)

C2P
C1P

P1

Cl2
Ni1

C11

C24

P3

Cl4
Ni2

C13

C12

Cl3

C14

P2

C23

C8P

C7P

C'

C44

P4

Cl1

C43

C41

C21

C42

C22

Free ligand: R,R-(−)-et,ph-P4
Enantiomer #1
Free ligand: S,S-(+)-et,ph-P4
Enantiomer #2
Figure 2.5. ORTEP drawing of S,S-Ni2Cl4(et,ph-P4).
The two enantiomers were also characterized using 31P NMR, and the spectra of
each showed a purity of 95% or greater with very little meso-et,ph-P4 Present
(less than 0.5% based on the NMR). Isolated yields varied depending on the
purity of the starting ligands used ranging from 83% - 93% with an average yield
of 88% for each enantiomer.
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P NMR spectra of each enantiomer is shown in

Figure 2.6 below.
Unfortunately, reproducing these results has been impossible because the
12 year old Chiralcel OD column degraded and would not separate ligand.
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Several efforts to clean and recondition the column according to manufacturer’s
specifications were made, but the column was unable to be reconditioned.
The high replacement cost ($12-15,000) prevented Prof. Stanley from
purchasing a new semi-prepratory chiral column. This project should continue as
it is, in my opinion, one of the best possibilities for industrial application of
Stanley’s catalyst.

Figure 2.6. 31P NMR of S,S-(+)et,ph-P4 (top) and R,R-(-)et,ph-P4 (bottom) (run
on the 250 MHz 1H NMR).
Using a more sensitive ultraviolet detector on the HPLC showed new
impurity peaks not seen before or characterized in our ligand synthesis.
Previous HPLC studies used a refractive index detector. These impurities do not
show any signals in the 31P NMR, but FAB mass spectroscopic runs indicated a
number of organic compounds that could not be easily identified. LC mass
24

spectroscopy should be performed by future workers on this project in order to
better identify the organic impurities. These non-phosphine impurities likely
include solvents and/or metal impurities from the ligand synthesis and the nickel
separation chemistry. A crystal of [Mg(DMF)6][MgCl4] was isolated in our
laboratory from a solution containing [Rh2(nbd)2(et,ph-P4)]2+ in acetone showing
the solvent impurities can be carried over through our ligand syntheses (both
DMF and Mg(vinyl)Br are used in previous ligand synthetic steps).
2.5.

Attempted HPLC Separation of me,ph-P4
Me,ph-P4 was synthesized as shown in Scheme 2 below. The use of an

ultraviolet HPLC detector for et,ph-P4 gave better resolution for the separation of
enantiomers; therefore it was thought the same might be the case for me,ph-P4;
however; attempts to perform the separation in the same solvent system ( 98%
hexane 2% isopropanol) were unsuccessful, giving essentially the same
chromatogram as Howell obtained in her work.8

Meso
Enatiomer 1

Enatiomer 2?
Im purities

Figure 2.7.. HPLC chromatogram of me,ph-P4.
As can be seen in the chromatogram above, there is poor separation
between the second enantiomer and meso ligand, while there is decent

25

separation between the first enantiomer and the meso ligand. This poor
separation between the second enantiomer and the meso ligand might be
correctable with the addition of more alcohol to the mobile phase, or at worst, the
ligand may need to be separated by use of a gradient solvent system to get
better separation.
Removal of most of the meso ligand would also help to solve this problem,
and attempts at this, via the NiCl2 separation chemistry have been tried with fairly
poor results.
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PhPH2 + OH−
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Ph

H
P

P

H
racemic

+

PMe2

Ph
P

Ph

P

Ph
P

Ph
Me2P
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H
meso

Ph
P

Me2P
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Scheme 2.2. Synthesis of me,ph-P4

2.6.

Synthesis of S,S-(+) and R,R(-)- [Rh2(nbd)2 (et,ph-P4)](BF4)2
The synthesis of the catalyst precursor, [Rh2(nbd)2(et,ph-P4)](BF4)2, has

been reported elsewhere and is done by adding one equivalent of chiral et,ph-P4
to two equivalents of [Rh(nbd)2 ]BF4.7 This reaction is carried out in
dichloromethane, and when the racemic ligand used, recrystallization is carried
out in acetone at cold temperatures and is usually quite easy. However,
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problems have arisen when using the chiral et,ph-P4 enantiomers, especially
with regards to recrystallizing the chiral catalyst precursors.
Reaction of chiral R,R-(-) and S,S(+)-et,ph-P4 with [Rh(nbd)2]+ in
dichloromethane produced an unwanted complex with a 31P NMR spectrum
similar to the ones described by Hunt, exhibiting a broad signal between
approximately 42 and 70 ppm, indicating the possibility of a mixture of [RhCl2(η4et,ph-P4)]+ and [Rh2(et,ph-P4)2]2+ (Figure 2.7).12 These unwanted products
probably formed from the use of excess dichloromethane solvent in order to
facilitate the addition of the chiral ligand to [Rh(nbd)2]+ due to the small amount of
chiral ligand being used.

P

P

Rh
P

P

Figure 2.8. Proposed side products from reaction of [Rh(nbd)2](BF4) with R,R- or
S,S-et,ph-P4.
Attempted crystallization of R,R- or S,S-[Rh2(nbd)2(et,ph-P4) 2+ in a variety
of solvents and solvent mixtures has been unsuccessful. Recrystallization via the
following methods were attempted: cold acetone, slow evaporation of acetone,
cold DCM, slow evaporation of DCM, slow evaporation of cold acetone and
DCM, cold DCM/acetone solutions, slow evaporation of DCM/acetone solutions,
slow evaporation of a benzene/acetone mixture, and a mixture of
hexane/acetone. This was not surprising because numerous previous attempts
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have been made to crystallize the chiral rhodium complexes S,S-(+) and R,R(-)[Rh2(nbd)2 (et,ph-P4)](BF4)2, with none being successful. The current failure to
recrystallize the chiral S,S-(+) and R,R(-)- [Rh2(nbd)2(et,ph-P4)](BF4)2 catalyst
precursor represents a substantial obstacle to the continuation of this project. It
has been demonstrated previously in our group that the best asymmetric
hydroformylation done with the bimetallic rhodium P4 complexes is performed
with recrystallized highly pure chiral catalyst precursor. So far, this has only
been accomplished with the Rh2(allyl)2(et,ph-P4) catalyst precursor which is
substantially more difficult to synthesize and it is substantially more air sensitive.
It is also necessary to activate the neutral allyl complex with a suitable acid, such
as HBF4, before it can be used as a catalyst precursor.
Possible solutions to this problem include changing the counter ion used
or, perhaps, separating the racemic catalyst precursor directly using the HPLC.
If the separations in retention times for the two enatiomers are similar for the
metal complexes relative to the free ligand (~ 1.5 min), then high purity chiral
catalyst precursor might be obtained from the HPLC, rendering the
recrystallization of the catalyst precursor unnecessary. But we believe that a
recrystallized catalyst precursor is still the best way of assuring optimum
asymmetric hydroformylation results.
2.7.

Separation of Meso and Racemic Diastereomers of me,ph-P4
Reaction of me,ph-P4 with two equivalents of NiCl2 resulted in the same

mixture of orange solid meso precipitate obtained by Dr. David Aubry, with the
same black tarry racemic filtrate remaining after removing the solvent, as seen
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with et,ph-P4. Removal of the me,ph-P4 via a cyanolysis reaction however, was
only partially successful in producing between 60 and 78% pure rac me,ph-P4
with an average value of ~70 % pure rac-me,ph-P4 in ethanol. Several different
reactions were attempted using different alcohols with the same range of ligand
purities obtained.
Table 2.3. Summary of results from attempted separation of mixed me,ph-P4
Alcohol

Concentration of
me,ph-P4 (mg/mL)

% Purity of
rac-me,ph-P4

EtOH

74.0

70

EtOH

81.4

n/a**

EtOH

66.6

63

MeOH

74.0

68

MeOH

81.4

n/a**

MeOH

66.6

n/a**

EtOH/MeOH (1:1)

74.0

72

EtOH/MeOH (1:1)

81.4

n/a**

EtOH/MeOH (1:1)

66.6

60

iPrOH/EtOH (1:1)

74.0

70

** No precipitate formed.
The separation was also attempted with a mixture of solvents (EtOH,
MeOH,and i-Pr-OH) with the same range of purities obtained. It does not appear
that NiCl2, which works well for the ethyl ligand, is suitable for use with me,ph-P4
under a similar set of conditions, however more work finding the correct set of
conditions is needed. Aubry reported that the separation with the ethyl ligand is
very dependant on concentration and type of alcohol used. Results are
summarized in the table above.
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I have been unable to reproduce the results reported by Aubry using the
NiCl2 separation for the et,ph-P4 ligand. The most consistent result obtained is a
4:1 rac-et,ph-P4 to meso-et,ph-P4 using the published procedure, where Aubry
reports consistently obtaining a 9:1 or greater ratio. Somewhat surprisingly, I
obtain the same ratio via the cyanolysis of the meso-Ni2Cl4(et,ph-P4) or via
cyanolysis of the mixed Ni2Cl4(et,ph-P4) complexes. Similar results have been
obtained in our group by Brandy Courtney and Alexandre Monteil. The
cyanolysis of the meso-Ni2Cl4(me,ph-P4) was performed obtaining a ratio of 75%
rac-me,ph-P4 ligand using the same procedure already published by Aubry. This
procedure has yet to be optimized because this asymmetric hydroformylation
project has been stopped pending the purchase of a new HPLC column.
2.8.

Conclusions
The use of our novel bimetallic catalyst has shown, by past results, some

promise in asymmetric hydroformylation. In order for this project to be feasible
for industrial applications a more efficient way of separating the enantiomers of
the P4 ligands must be found, along with a procedure whereby the chiral
versions of the catalyst precursor can be recrystallized from solution. Use of an
ultraviolet detector on the HPLC has resulted in a higher purity of et,ph-P4
enantiomers being obtained as shown by the higher values of specific rotation
obtained using the ultraviolet detector.
Use of the Ni separation chemistry used by Aubry appears to function
about as well for the me,ph-P4 ligand as it does for the et,ph-P4 ligand. The
published NiCl2 separation procedure in my hands, however, affords lower
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purities of rac-et,ph-P4 ligand. One aspect of the NiCl2 separation chemistry that
has been overlooked is the lack of sensitivity of the Ni2Cl4[P4] complexes toward
air and moisture.
2.9.
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Chapter 3. The Effect of Increased H2/CO Ratios on Dirhodium
Hydroformylation Catalysis
3.1. Introduction
The tetraphosphine ligand rac-et,ph-P4 is an electron-rich powerfully
donating tetraphosphine ligand designed to bridge and chelate two transition
metal centers. It reacts with two equivalents of [Rh(nbd)2](BF4) to produce [racRh2(nbd)2(et,ph-P4)](BF4)2, which generates an active, highly selective
hydroformylation catalyst [rac-Rh2H2(μ-CO)2(et,ph-P4)]2+, 2, when reacted with
H2/CO.1

H
Rh
Et2P
Ph

H
O
C

Et2
P

2+

Rh

C
O
P

P
Ph

1

Figure 3.1. Proposed active catalyst species, 2.
Surprisingly little research has been reported concerning the effect of
varying H2:CO gas ratios on the effect of activity and selectivity of
hydroformylation. To our knowledge, no significant data has been reported on
modern Rh bisphosphine catalysts and the effect of increased H2/CO ratios.
Anthony et al reported that Henry’s law constants for H2 and CO are 1878 and
3382, respectively, in acetone.2 CO being roughly twice as soluble as H2 holds
true across a broad range of organic solvents, and there is no reason to believe
the same would not hold true for the acetone/water solution used for 2. The
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higher solubility of CO in most solvents means that the usual 1:1 ratio of H2/CO
used in academic hydroformylation reactions effectively gives a 1:2 ratio of
H2/CO in solution. Most industrial hydroformylation reactions are run with H2/CO
ratios around 1.2-1.5:1.
We now believe that the higher effective concentrations of CO in solution
when running with 1:1 H2/CO (the ratio used in almost all of our previous studies)
could be detrimental to the stability of our dirhodium catalyst 2. Our in situ NMR
spectroscopic studies indicate that CO is a key player in the fragmentation and
deactivation of 2. Catalytic testing using various H2/CO ratios and pressures was
conducted using 2, and for comparison on monometallic Rh catalysts based on
the bisphosphine ligands Bisbi,3 Naphos,4 and Xantphos (Figure 3.2). 5

Bisbi

PPh2

PPh2

PPh2

PPh2

Naphos

O
PPh2

PPh2

Xantphos

Figure 3.2. Structures of Bisbi, Naphos, and Xantphos ligands.
3.2.

Increased Hydrogen Selectivity Effects
The importance of hydrogen and CO partial pressures on the selectivity of

final products is dramatic. As shown in Table 1, using 2 and a 4:1 H2/CO ratio,
the aldehyde linear to branched (l:b) regioselectivity increases from 33:1 (97.1%
linear product) to 152:1 (~99.3% linear)! This is by far the highest selectivity we

33

have ever observed with 2, and this puts our dirhodium catalyst in league with
monometallic Rh catalysts based on Naphos and Bisbi as some of the most
selective hydroformylation catalysts known.
Table 3.1. Hydroformylation data from variable ratio H2/CO studies.
[conditions: 90ºC, 1 M 1-hexene (1000 equivalents), 1 mM Rh catalyst, solvent = 30% H2O in
acetone for all tested systems, constant pressure conditions, 1000 rpm stirring; pressures listed
as psig, TOF = initial turnover frequency, TON = total turnover number (alkene reactant converted
to products), l:b = aldehyde linear to branched regioselectivity, Isom = alkene isomerization, there
is less than 1% alkene hydrogenation for all runs] ** ca. 5% n-heptanol produced.
Rh Catalyst

H2/CO

pH2

pCO

TOF

TON

l:b

% linear

Isom

Rh2

1:1

45.0

45.0

30(2)

1000

33:1

97.1

<1%

Rh2

1:1

22.5

22.5

20(1)

1000

55:1

98.2

<1%

Rh2

2:1

45.0

22.5

27(2)

1000

64:1

98.5

<1%

Rh2

3:1

67.5

22.5

30(2)

1000

75:1

98.7

<1%

Rh2

4:1

88.0

22.5

46(1)

1000

152:1

99.3

7.7%**

Rh2

1:4

22.5

82.5

-

0

-

-

Rh2

1:3

22.5

67.5

-

0

-

-

Naphos

1:1

45.0

45.0

35(1)

1000

120:1

99.2

2.2%

Naphos

1:1

22.5

22.5

27(2)

950

160:1

99.4

3%

Naphos

3:1

67.5

22.5

48(7)

700

360:1

99.7

4%

Naphos

4:1

88.0

22.5

87(7)

810

360:1

99.7

3%

Bisbi

1:1

45.0

45.0

37(1)

1000

80:1

98.8

2%

Bisbi

1:1

22.5

22.5

24(1)

975

90:1

98.9

3%

Bisbi

3:1

67.5

22.5

61(7)

550

150:1

99.3

2%

Bisbi

4:1

88.0

22.5

26(3)

530

162:1

99.4

3%

Xantphos

1:1

45.0

45.0

28(1)

1000

60:1

98.4

<1%

Xantphos

1:1

22.5

22.5

26(4)

900

55:1

98.2

1.5%

Xantphos

3:1

67.5

22.5

21(2)

750

49:1

98.0

2%

Xantphos

4:1

88.0

22.5

20(2)

845

40:1

97.6

5%

Similar increases in aldehyde l:b regioselectivity are also observed with
the monometallic systems; however, these catalysts rapidly deactivate as
evidenced by their failure to complete the hydroformylation of the 1-hexene. This
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is not unusual for Rh-phosphine (or phosphite) based catalysts. It has long been
known that one of the primary deactivation routes for Rh-phosphine catalysts is
Rh-induced P-C bond cleavage or orthometallation reactions (in the case of
phosphine ligands with phenyl substituents).6 The combination of low CO
pressures and low phosphine ligand concentrations (common when using
chelating phosphines like Bisbi and Naphos) favors the production of very
reactive 14e- complexes like HRh(P2) or HRh(CO)(P). The π-electron density
present on phosphine aryl rings can lead to partial coordination to the Rh center,
followed by oxidative addition of the P-Ar bond. This can lead to Rh-phosphide
bridged bimetallic or cluster complexes that are inactive for hydroformylation
catalysis. The other possibility is a later reductive elimination of the phosphide
and an alkyl group (generated from the alkene reactant) to produce partially
alkylated phosphines that are generally poor ligands for hydroformylation.
Although we do not know, as yet, which catalyst degradation route is occurring, it
is clear from the TON’s that the monometallic catalysts are quickly deactivating.
The bimetallic catalyst 2 does not undergo the same fragmentation as the
monometallic catalysts, primarily because the et,ph-P4 ligand is mainly alkylated
and far more resistant to Rh-induced degradation reactions. Our previous
synthetic studies with PPhR2 (R = alkyl) type ligands indicate that the P-Ph bond
in these dialkylated systems is highly resistant to bond breaking reactions. For
example, a P-Ph bond in PPh3 is easily cleaved by reaction with alkali metal
reducing agents (Li, Na, K) to make [PPh2]−. This also occurs under more forcing
conditions for PPh2R (R = alkyl). But our group’s early synthetic work (Dr.
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Fredric Askham) with PPhEt2 demonstrated that the P-Ph bond is highly resistant
to alkali metal fragmentations and the only reaction observed under very forcing
conditions (Na/K alloy, refluxing xylene) appeared to be P-Et bond cleavage.
400
2

Aldehyde Selectivity(l:b)

350

Naphos
Bisbi

300

Xantphos

250
200
150
100
50
0

0

20

40

60

80

100

p(H2 ) (psig)

Figure 3.3. Selectivity vs. H2 partial pressure (psig) for catalytic systems tested.
The dirhodium catalyst 2, however, appears to fragment and deactivate
through loss of one of the Rh atoms leading to inactive mono- and bimetallic
complexes. The proposed fragmentation mechanism for 2 is shown in Scheme
3.1. The first step in the fragmentation is dissociation of one of the et,ph-P4
chelate arms. Prof. Stanley had proposed that the dramatic catalysis
enhancement seen for 2 from the addition of 30% water to the acetone solvent is
a simple hydrophobic effect. The PEt2 ligand arm is non-polar and it was
proposed that the increased polarity of the 30% water/acetone solvent was
enough to favor the chelated catalyst 2.7 The resulting increase in the amount of
active catalyst nicely explained the higher reaction rates and overall selectivity.
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3

Ph
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Scheme 3.1. Proposed fragmentation pathway for 2.

The current H2/CO ratio studies, however, indicate different roles for CO,
H2, and H2O in the fragmentation equilibrium for 2 shown in Scheme 3.1. We
now believe that catalyst species 2 and A are in rapid equilibrium and both can
act as hydroformylation catalysts. A is proposed to be somewhat more active,
but also less selective than 2 due to the dissociated phosphine chelate arm that
provides less steric direction for alkenes that coordinate to that Rh center. The
CO concentration (partial pressure) plays a very important role in this equilibrium.
Higher CO partial pressures will favor species A and lower l:b aldehyde
regioselectivity. This effect is similar to what is observed with monometallic
Rh/PR3 hydroformylation catalysts that also show an increase in regioselectivity
with lower CO partial pressures. This is also due to a higher probability of having
both phosphines coordinated, which, in turn, gives higher selectivities.
2 shows the largest change in regioselectivity with an increase of 2.3% in
the amount of linear aldehyde product on going from 1:1 H2/CO (90 psig overall
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pressure) to 4:1. Bisbi and Naphos already have high linear aldehyde
regioselectivties and the increase in linear product on increasing the H2/CO ratio
is only 0.5%. The H2 effect also levels off for Bisbi and Naphos, although part of
this is tied into their already high selectivity and the inability to go much higher
(and our ability to measure this via GC).
The reason for the dramatic effect of increased hydrogen partial pressure
on the selectivity of 2 is proposed to lie in the mechanism of deactivation. By
increasing the p(H2) in the catalyst system, the H2-based equilibrium between A
and B (Scheme 3.1) is pushed towards A. But complex A is in equilibrium with 2
and anything that increases the concentration of A will also result in an increase
in the more regioselective catalyst 2.
The reductive elimination of H2 from 2 to produce the Rh(I) CO-bridged
complex [rac-Rh2(μ-CO)2(CO)2(et,ph-P4)]2+, 4, can also occur, as shown in
Scheme 3.2. The phosphine-dissociated complex A, however, should be more
reactive for this H2 reductive elimination to make B due to the lower electron
density on the Rh center that only has a single phosphine and a terminal CO
(Scheme 3.1). Reductive elimination reactions are favored from metal centers
that are more electron-deficient. We also believe that 4 should be more reactive
towards the back oxidative addition of H2 due to the higher electron density on
the two Rh centers. 4 is proposed to be the starting complex for aldehyde-water
shift catalysis and it only appears to build up enough concentration to perform
this catalysis under H2-deficient conditions. This implies that 4 is very reactive to
oxidative addition by H2.
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Ph

Ph

Ph

Ph

4

2

Scheme 3.2. H2 reductive elimination/oxidative addition equilibrium for 2 & 4.

Further evidence of sensitivity of 2 to CO induced loss of one of the Rh
centers has been demonstrated by increasing the CO pressure in the system.
Using a 2:1 CO/H2 ratio and the same standard conditions as used with other
catalytic testing we observe no hydroformylation activity for 2. This is strong
evidence for the catalyst deactivation equilibrium favoring species B and/or C,
both of which should be inactive for hydroformylation catalysis.
Increasing the CO/H2 ratio for the monometallic systems also resulted in
little or no activity, presumably due to the formation of 18e- saturated
HRh(CO)2(P2) complexes. Although CO has long been known to inhibit activity of
transition metal complexes toward hydroformylation the lack of any significant
catalysis with the monometallic systems was surprising. This could also indicate
that our dirhodium catalysts system is becoming similarly CO saturated. This is,
however, unlikely due to the localized cationic charges on each Rh(II) center that
minimizes CO π-backbonding and keeps the terminal CO ligands very labile. We
strongly favor the CO-induced catalyst deactivation route shown in Scheme 3.1
as the primary reason 2 fails to perform hydroformylation under higher CO/H2
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ratios. Somewhat similar to what was observed in the H2O/acetone study the
Rh/Xantphos system behaves differently than Bisbi or Naphos.7 Increased H2
pressure (and H2/CO ratio) causes a decrease in the hydroformylation
regioselectivity and rate by small amounts (0.8% maximum decrease in linear
aldehyde). This will be discussed in more detail later in this chapter.
3.3.

Effects of H2/CO Ratio on the Rate of Hydroformylation
The effect of increased hydrogen pressure on the rates of

hydroformylation has been, as expected, a mainly positive one. Naphos and
Bisbi both show moderate to dramatic rate increases with increasing hydrogen
pressure with the highest rate for Bisbi occurring at 3:1 H2/CO and for Naphos at
4:1 H2/CO (Table 3.1 and Figure 3.4). This fits with the explanations of more
active hydride catalyst being present and less CO inhibition to make saturated

Initial TOF (min-1 )

18e- complexes that can’t react with the alkene.

2

90
80
70

Rh/Naphos
Rh/Bisbi
Rh/Xantphos

60
50
40
30
20
10
0

88

67

22

p(H2) (psig)
Figure 3.4. Rates of hydroformylation using 22.5 psig CO and various H2
pressures.
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Figure 3.5. Typical aldehyde production curve for Rh/Naphos using 4:1 H2/CO
(1-hexene substrate).
As can be seen in Figure 3.5, the aldehyde production curves for Naphos
and Bisbi exhibits some very unusual kinetics in their gas uptake curves.The
Rh/Naphos catalyst exists in at least 4 different forms. Initially, there is an
extremely active species present that we propose is the intact HRh(CO)(Naphos)
catalyst system that consumes 200 eq of H2/CO (and alkene) in just a few mins.
The extremely high rate probably arises from the fact that it is operating without
much CO inhibition of the empty alkene binding site. We propose at this point
that CO depletion in the autoclave due to the initially very high rate combined
with the H2-rich environment leads to further oxidative addition of H2 to the
catalyst forming the trihydride complex H3Rh(CO)(Naphos). This 18e- saturated
complex is inactive for hydroformylation. But there is a H2 reductive elimination
pathway (equilibrium) that can lead back to the active 16e- Rh(I) catalyst species.
Concurrent with this is an ongoing Rh-induced ligand fragmentation process
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leading to inactive Rh2(μ-phosphide) complexes (not shown in Figure 3.4). The
rate reported for this system is the initial very rapid rate.

Figure 3.6. Typical Rh/Xantphos uptake curve using 3:1 H2/CO (1-hexene
substrate, other conditions as discussed previously). The green and
red straight lines have been drawn to guide the eye and do not
represent a kinetic analysis.
The initial aldehyde production curve shown in Figure 3.6 for the
Rh/Xantphos system is rather different from that seen for Naphos. The first part
of the curve (0-10 min) appears to be first order, although we do not have
enough data points to be sure of this. But between 10 and 50 min the aldehyde
production appears to be close to linear indicating a zero order dependence on
the alkene concentration. The catalyst slows down after 60 min and deactivates,
just like the other monometallic systems.
The best mechanistic explanation for this seems to be tied into the
stabilizing effect of the oxygen donor atom on the Xantphos ligand. Van
Leeuwen and coworkers have structurally characterized Pd and Rh systems
where the Xantphos ligand is in the “normal” η2-P2 binding mode and in the
oxygen coordinated η3-form.8,9

These two structures are shown in Figure 3.7.
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Figure 3.7. Stick representations of the crystal structures of Pd(C6H4CN)Br(Xantphos) (left) and [Rh(CO)(η3-Xantphos)](BF4) (right, with a part of a
disordered CH2Cl2 solvent shown). Color code: Rh = purple, Pd = pink, C =
gray, N = blue, O = red, P = orange, Cl = green, F = light green, B = light gray.
Hydrogen atoms omitted for clarity.
Note that in the oxygen bound η3-Xantphos Rh structure that the xanthane
ring system adopts an almost perfectly flat geometry, while in the “normal” η2Xantphos Pd structure there is a distinct folding of the xanthane ring system.
This change enables a rotation of 4-coordinate Pd center to orient the empty
axial binding site out and away from both of the flanking PPh2 phenyl rings. At
the same time the phosphorus phenyl rings reorient to even further open up the
empty coordination site on the Pd center. The η3-Xantphos bound Rh structure,
in marked contrast, has the empty axial coordination site considerably more
blocked by the phosphorus phenyl rings due the change in Xantphos structure
and coordination mode.
We propose that under normal higher CO concentrations the small CO
ligand can approach and bind to the empty axial coordination site on the more
sterically hindered η3-Xantphos bound structure. This generates an 18estructure that now has a lower barrier for the loss of the Xantphos O atom and a
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shifting of the Rh-Xantphos structure to the less sterically hindered, more
reactive η2-Xantphos geometry. The more reactive η2-Xantphos Rh complex
has “normal” first order kinetics with respect to alkene. Unfortunately, the more
sterically crowded η3-Xantphos structure can’t fit the alkene into the empty Rh
binding site and is essentially inactive for hydroformylation catalysis. We
propose that the conversion of the inactive η3- to active η2-Xantphos structure
under low CO pressures becomes the rate determining step leading to a zero
order dependence on alkene, as we seem to observe after 10 mins. This is
shown in Scheme 3.3. The Rh-Xantphos system does eventually deactivate,
presumably by Rh-phosphine fragmentation reactions, just like the other
monometallic systems.
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Scheme 3.3. Three binding modes for Rh/Xantphos catalyst.
3.4.

Conclusions
Steric factors have long been thought the primary source for determining

the selectivity in phosphine modified Rh hydroformylation catalysis. We believe
that the true effects of phosphine ligand sterics are revealed by the H2/CO ratio
studies performed here. Our bimetallic catalyst, 2, is, in particular, a good
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candidate for manipulation of the H2/CO ratio in that we do not believe that it
undergoes the same Rh induced phosphine fragmentation reactions seen with
the monometallic chelating systems tested. These studies do, however, show
that our dirhodium catalyst is extremely sensitive to CO-induced deactivation,
most probably via loss of one of the Rh centers leading to complexes that are
inactive with regards to hydroformylation, but can do alkene isomerization and
hydrogenation side reactions. The nature of the complexes formed from the loss
of one of the Rh centers are still not completely clear and the subject of ongoing
in situ spectroscopic studies, some of which I have been involved with.
The dramatic increases in selectivity for the monometallic systems tested,
except for Xantphos, implies that CO induced displacement of at least one of the
chelate arms in these chelating phosphine systems is probably occurring to
produce less selective catalysts under “normal” CO pressures. Complete loss of
the chelating phosphine to produce very small amounts of non-selective
HRh(CO)3 catalyst may also be occurring, certainly under higher pressure
conditions.
These studies also demonstrate the first opportunity to calculate a +0.37
order in hydrogen for our dirhodium catalyst 2. We believe future work on
phosphine modified Rh hydroformylation catalysis should include studies into the
effect of the H2/CO ratios on the rate, lifetime, and selectivity of these systems.
This represents a new thinking into the changing of conditions for the
hydroformylation reaction.
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Chapter 4. Rate Anomalies in the [Rh2(nbd)2 (et,ph-P4)](BF4)2
Hydroformylation Catalysis

4.1.

Introduction
Research into our hydroformylation precursor, [Rh2(nbd)2(et,ph-P4)](BF4)2,

1, has included several solvent systems, the best of which is the acetone/water
system discovered by Dr. Novella Bridges and extensively studied by Dr. David
Aubry.1 It was discovered that by using a 30% water in acetone solvent system
excellent rates and selectivity were obtained, and a dramatic rate increase of
285% was reported versus the pure acetone solvent system. This data was
collected using an older PARR 4850 process controller with reservoir pressure
readings taken every minute.
Reproducing the results seen by Dr. Aubry, however, has been a
challenge. As seen below in Table 6-1, using the same data analysis methods I
am only able to get roughly half the initial turnover frequency reported. Many
months were spent trying to reproduce these results, with many possible sources
of error explored.
Table 4.1. Data for 30% water system showing initial turnover frequency (TOF)
differences.
Catalyst

Initial TOF (min-1)
(Dr. Aubry)

Initial TOF (min-1)
New Studies

1

73(1)

34(2)
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Initially, it was thought that some mistakes were being made, or some
factor was being overlooked in the attempts to reproduce the reported results.
Several theories were tested ranging from poor catalyst precursor to Rh metal
contamination in the reaction vessel. All theories tested were shown to not be
the likely cause of the anomalous data, and consistently lower initial TOF’s in
30% water/acetone were obtained. No other differences, aside from the lower
initial TOF were seen (same l:b aldehyde regioselectivity, same very low side
reactions, same high conversions).
4.2.

Kinetics of the [Rh2(nbd)2(et,ph-P4)](BF4)2 Catalyst
As can be seen below in Figure 4-1, the kinetics of the dirhodium catalyst

system are nicely first order in alkene. Since the kinetics follow a pseudo first
order system, it is possible to apply a first order data analysis. In the literature,
the most common ‘number’ reported for rates in hydroformylation research is the
initial turnover frequency (TOF). Other numbers reported are the average TOF,
and less commonly, pseudo-first order rate constants (kobs values). How the
initial TOF is calculated is somewhat arbitrary and probably represents one of the
biggest flaws in reporting catalytic data. This problem exists in the reporting of
kinetic data across the spectrum of homogeneous catalysis, with numbers
reported with bias toward improving the apparent activity of a given catalyst
system.
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Figure 4.1. Aldehyde production curve for 1 in 30% water/acetone solvent
system (90ºC, 90 psig 1:1 H2/CO, 1000 rpm stirring, constant pressure).
In the catalytic studies of 1, the established procedure is to soak the
catalyst precursor under 40-45 psig of 1:1 H2/CO for 15-20 minutes to allow for
the autoclave system to heat up to the operating temperature of 90o C. After the
20 minute soak period is completed, the reaction vessel is purged of gas, in order
to facilitate the pressure differential need to inject the alkene substrate from an
external reservior. The pressure injection of the alkene typically leads to a large
(ca. 20 psig) pressure drop in the gas reservoir that must be removed from the
data and ignored.
The start of the hydroformylation run is taken once the pressure semistabilizes, usually after 30 sec to one minute. But during this stabilization time
the alkene is at its highest concentration in the autoclave and the fastest
hydroformylation is already occurring. This is one reason why we rarely see
1000 equivalents of aldehyde produced as calculated from the uptake of H2/CO
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gas in the autoclave (see data presented in Figure 4.1). GC data does confirm
complete conversion of alkene into products. The initial TOF is then calculated
from the first few data points that define a linear line (typically the first 5 data
points). This is, of course, one possible source of human error in the reporting of
data for 1 as chosing which of the initial data points to use is somewhat arbitary.
Another explanation is equipment error. Evidence has been found that the
aging Parr 4850 autoclave controller had begun to miss recording data points.
Given our method of using the first 5 or so data points to calculate the initial TOF,
the exclusion of one data point and the associated time index could lead to a
doubling of the actual rate. The opposite could also be true if the controller
would incorrectly insert an extra data point. But we have not observed the
insertion of extra points, but rather the controller skipping over a data point and
reporting the next one with the smaller time index.

Figure 4.2. Example of Parr 4850 controller error in data collection for
Rh/Naphos system. The red and green straight lines are to guide the eye and
not from any kinetic analysis.
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One example of this is given in Figure 4.2 above. In this example, the
controller omitted a data point at the 2 min mark, instead reporting the 3 min data
point at 2 min. If one only uses the first two data points to calculate the initial rate
one would get an apparent initial TOF of 109 min-1 when the actual initial TOF
was only 56 min-1. Though this has certainly occurred, it is unlikely that this alone
is the reason for the initial TOF anomalies discussed here.
After many discussions on this matter, Dr. Aubry and I have decided that
the way rate data has been reported to this point has not been calculated
correctly. We both agree that to only report initial TOF is misleading and
incomplete. The other, equally useful values, average TOF and rate constant
kobs, should also be reported. In addition, it is clearly wrong to base the initial
TOF on just two initial data points. Note that in Figure 4.2 the first 5 data points
for the actual data are almost perfectly linear. This is the traditional definition of
initial TOF, using the initial linear part of the product production (or reactant loss)
curve. Also note that one could still calculate the same initial TOF for the
erroneous data by using the 4 linear data after the missed 2 min data point. The
problem with average TOF’s is that it is often equally difficult to judge the time
point when the reaction is completed due to the very slow rates when the alkene
substrate concentration is very low.
4.3.

Resolution of Anomalies
Closer analysis of the data collected by Dr. Aubry and myself appears to

eliminate the anomalies seen in the initial TOF for the 30% water/acetone solvent
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system. In Figure 4.3 below, initial rate plots for data taken show a difference in
only the initial few minutes of a run. These differences disappear after ca. 10
mins to levels that are insignificant. A review of the literature for rate
determinations shows no set standard in the reporting of rate data. Van Leeuwen
et al report their rate data for the hydroformylation of 1-octene, after 20%
conversion of the substrate to aldehyde, which, in one publication ranged from 2
to 54 minutes.2 This indicates the need for a standard method of data analysis
and calculation of catalysis rates.

Figure 4.3. Comparison of initial rate plots for 1 using 30% water/acetone
Solvent (90º C, 90 psig 1:1 H2/CO, constant pressure, 1 M 1-hexene, 1 mM
catalyst precursor 1). The red and green straight lines are to guide the eye and
not from any kinetic analysis.

This proposed method does the best job of integrating all data obtained and
analyzed, and establishes a reasonable standard for reporting kinetic data.
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The likely cause of the greatest differences in rate occurring in the first 2
minutes are:
1) Errors introduced by the old Parr 4850 autoclave controller. These
actually don’t appear to be random, but occur most frequently when
there are large pressure changes as seen when the alkene is initially
added to the autoclave.
2) The reproducibility of the alkene injection process, particularly with
respect to the pressure in the autoclave at the time of injection and
exactly when one starts recording the data after the injection.
3) The initial catalyst “soaking” time as the autoclave temperature is
raised to 90º C. We know that the longer the Rh2 catalyst sits under
1:1 H2/CO the more of it fragments to species that are inactive for
hydroformylation, but can do alkene isomerization and hydrogenation
side reactions. Higher temperatures and CO pressures dramatically
speed up this fragmentation process. The presence of alkene appears
to inhibit the CO-induced catalyst fragmentation, at least under lower
pressures. So the exact soaking time can affect the amount of active
Rh2 catalyst present and the initial (or average) TOF.
Closer examination of the data between 200 to 700 equivalents
demonstrates the high degree of similarity between Dr. Aubry’s hydroformylation
runs and mine (Figure 4.4). By eliminating the early data anomalies it becomes
even clearer that the data is not really different at all; only analyzed differently in
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the determination of the initial TOF’s. The data collected by Dr. Aubry and
myself has been re-analyzed by recalculating the initial TOF, along with the
inclusion of average TOF’s and kobs values for the 30% water-acetone solvent
system and this is reported and discussed in the next section.

Figure 4.4. Data from 4 independent 1-hexene hydroformylation runs using the
Rh2 catalyst in 30% water acetone showing agreement of collected data at later
stages of the catalysis (200-700 equivalents). The time axis has been reset so T
= 0 is at 200 equivalents of aldehyde produced in the catalysis.

4.4.

Reanalysis of Data for 30% Water/Acetone Solvent System
A new analysis of the hydroformylation rate data collected by Dr. Aubry

and myself shows a high degree of similarity. Summarized in Table 2 below, it
can be seen that the differences thought to exist between the two sets of data
arise from, in my opinion, human error, equipment error, and/or differences in
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exactly how the catalytic runs were performed. The first correction performed on
the data was to calculate the initial TOF after ten minutes. In doing this, the
differences observed between the data collected by Dr. Aubry and myself is no
longer significant.
Table 4.2. Reanalysis of 1-hexene hydroformylation data in 30% water-acetone
solvent (same reaction conditions as discussed previously).
Average TOF
(min-1)

10 min TOF
(min-1)

Catalyst

Kobs
(min-1)

Aubry Barker Aubry Barker Aubry Barker
28

1

26

16

16

0.038

0.034

What appeared to be a difference of 87% in “initial” TOF is reduced to
being a difference of 8% at the 10 min point. By also including the calculation of
average turnover frequency, from 0 to 700 equivalents of aldehyde produced as
shown in the gas uptake curves, the evidence is even more compelling as there
is no significant difference in the results! More evidence of the similarity of the
two sets of runs is apparent when the rate constants are calculated. Since the
kinetics are pseudo first order, the rate constant can be calculated according to
the following formula:
ln (eq. of Alkene) = ln(eq.of Alkene)o- kt
This allows a plot of the natural log of the change in alkene concentration (as
derived from the H2/CO gas uptake) versus time, followed by a least squares
regression of this data to yield a line whose slope is –kobs. In order to get the
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most meaningful result from the k values, the most linear portion of the uptake
curve was used; the portion from 200-700 turnovers. Performing these
calculations yielded k values which were within 11% of one another. Our typical
agreement for rate data between supposedly identical runs performed by the
same experienced student is between 5 and 10%. Thus, the high initial TOF
reported by Dr. Aubry based on the first few collected data points from his runs
appears to be incorrect for the previously discussed reasons, however it is noted
that this is only another method of reporting kinetic data, and not an attack on the
reported data of Dr. Aubry.

Figure 4.5. Plots of ln(d( eq. of Alkene)) vs time used to determine values for
kobs.
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4.5.

Conclusions and Implications for Future Research
The data analysis methods used here give a clearer version, in my

opinion, of the rates for the hydroformylation of 1-hexene using the Rh2 catalyst
in 30% water/ acetone solvent system. It appears to do a far better job of
reducing human and instrumentation error. The conclusion is that for catalytic
systems such as ours that are first order in alkene and run under pseudo-first
order condition, what should be reported with regards to rates are:
1) TOF after 10 min. reaction time
2) Average TOF based on 0 to 700 equivalents of aldehyde produced.
3) kobs
4) and a complete and thorough explanation of how the data was analyzed
and the rates calculated.
There are, of course, examples of when this cannot be followed, even in
this dissertation (i.e., decomposing catalyst systems with different catalyst
species present). Obviously, different analyses may need to be employ when
more complicated kinetics are present or for systems with very high reaction
rates.
When the full paper is published on this matter, it is my opinion that all the
catalytic rate data should be analyzed and reported as done in this chapter. I
believe that by following this procedure, problems with reproducibility of results
between different researchers can be greatly diminished. Equipment errors
caused by the old Parr 4850 process controller have been apparently eliminated
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by the purchase of a new very sophisticated Parr 4870 process controller. I
collected data for this chapter using this controller; the data collected by Dr.
Aubry used the old 4850 controller. This controller allows for the collection and
analysis of data in real time and the modern fast analog/digital converters in the
controller provide far more reliable recording of data from the pressure
transducers on the autoclave and gas reservoir. Much of the data reported in
this chapter was collected using this new controller.
4.6.
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Chapter 5. Catalytic Studies of [Rh2(nbd)2 (et,ph-P4)](BF4)2 in Ionic Liquids

5.1.

Introduction
Homogeneous catalytic systems have several advantages relative to

heterogeneous catalytic processes. These include: faster reaction rates; milder
reaction conditions; far higher selectivity of the desired product; considerably
easier to study the catalytic mechanism; and the ability to tailor and tune the
catalyst to adjust the product selectivity.1, 2 Despite these advantages very few
industrial processes use homogeneous catalysts. The two main reasons for this
center on the sensitivity of homogenous catalyst to deactivation (heterogeneous
catalysts are typically very rugged) and the problem of separating a liquid product
from the catalyst solution. This separation is most commonly accomplished
through an expensive distillation of the products. Recovery and efficient recycling
of the sometimes expensive catalyst used (e.g., Rh) when coupled with distillation
can also be difficult.
Several approaches have been used to alleviate these disadvantages.
Tethering a homogeneous catalyst on a heterogeneous support is one of the
oldest methods for tackling this problem. This, unfortunately, does not generally
work when CO is one of the reactants due to the nasty ability of CO to readily
leach the metal centers off the support. Perhaps the most successful approach
has been to use a solvent that the homogeneous catalyst and reactants are
soluble in, but the product is not. This leads to phase separation of the product
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and (typically) easy removal from the reactor. The Shell Higher Olefin Process
(SHOP) that oligiomerizes ethylene to longer chain (C12-32) 1-alkenes is one of the
oldest to utilize this approach.3 The homogeneous HNi(P-O) (P-O = phosphinealkoxide chelating ligand) catalyst used is soluble in polar nitrile solvents, while the
non-polar 1-alkene products are not and phase separate and float to the top of the
reactor.
The other industrial catalytic process that makes use of this selective
solubility concept is the Ruhrchemie (now Celanese) water soluble Rh
hydroformylation process.4 This is based on the tris-sulfonated triphenylphosphine
ligand (TPPTS) developed by Emile Kuntz at Rhone-Poulenc (Figure 5.1). The
TPPTS ligand is sterically and electronically nearly identical to PPh3 (the metaSO3− groups are electronically isolated) and the HRh(CO)(TPPTS)2 catalyst is
extremely water soluble, with neglible solubility in organic solvents.

TPPTS

SO3 Na

P
Na

O3S

Na

O3S

Figure 5.1. The water soluble tris-sulfonated triphenylphosphine ligand developed
by E. Kuntz (Rhone-Poulenc) for aqueous phase Rh
hydroformylation.
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The aqueous phase Rh-TPPTS catalyst system is very effective at
hydroformylation giving high selectivities for the conversion of propylene to linear
aldehyde (l:b = 18:1, excess TPPTS needed just like for regular hydroformylation
using PPh3). Higher pressures and temperatures are needed to compensate for
the lower solubility of propylene in water. The aldehyde products nicely phase
separate from the aqueous solvent and are easily isolated without the need for
distillation. This process, however, is limited to shorter chain alkenes (1-pentene
and lower) due to the rapidly decreasing solubility of longer alkenes in water.
There is a strong need to be able to hydroformylate the longer chain alkenes (C8
and higher) where distillation can not be effectively used to isolate the very high
boiling aldehyde products.
Another general approach with many variations is to use scCO2 to extract a
CO2-soluble product from CO2-insoluble catalyst and solvent.5 Catalyst
regeneration is a major problem, however, that has proven difficult to overcome.3
Another similar approach is to use fluorocarbon solvents and fluorocarbon-soluble
catalysts (typically modified with fluorocarbon pony-tails to make them soluble).6
Most organic products phase separate from fluorocarbon solvents. Although there
has been quite a bit of interest in this concept, fluorocarbon solvents are very
expensive and are not very environmentally friendly. Fluorocarbon solvent and
catalyst leaching into the organic phase has also proven to be a major problem.
Most catalysts tend to be extremely soluble in fluorocarbon solvents making
distillation of products necessary.
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5.2.

Ionic Liquids
One fairly recent and popular approach has been to use ionic liquids as the

solvent. Ionic liquids are defined as liquid electrolytes composed entirely of ions
that are liquids below 100º C (especially at room temperature), have fairly low
viscosities, good electrical conductivity, chemical inertness, and essentially no
vapor pressures.7-10 Most ionic liquids that have been widely studied are based on
either quaternary ammonium or phosphonium salts. These ionic liquids have been
explored for various uses. Some of these uses include: performing liquid
extractions,11,12 solvents for organometallic synthesis,13 media for analytical
techniques, and of course, as a solvent for homogeneous catalysis.14
5.3.

Organoaluminate Ionic Liquids
The most investigated class of ionic liquids belong to the oranoaluminate

family. They are prepared by mixing N-alkylpyridinium and 1,3-dialkylimidazolium
halides with AlCl3.15 The N-ethylpyridinium halides/aluminum halides were among
the first ionic liquids discovered in 1951.16 The big disadvantage to these ionic
liquids is the fact that they are air and moisture sensitive, and several organic
substrates and organometallic catalysts will react with this class of ionic liquids. It
is for these reasons that organoaluminate ionic liquids are not suitable for most
homogeneous catalytic processes, including hydroformylation. Still,
organoaluminate ionic liquids represent the first of these compounds to be
discovered, and were a significant advance in the field of organic chemistry.
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5.4.

Ambient Temperature and Chemically Inert Stable Ionic Liquids
Ambient temperature ionic liquids can be prepared from the substitution of

halide counter ions of 1,3-dialkylimidazolium salts with other more weakly
coordinating anions such as such as tetraflouroborate or hexaflourophosphate.17
Among the various ionic liquids, 1-methyl-3-butyl-imidazolium tetraflouroborate
(BMIM+BF4-), shown in Figure 5.2, and the hexaflourphosphate analogue of the
same ionic liquid are the most well known ionic liquids used to immobilize catalysts
for biphasic homogeneous catalysis due, in large part, to their favorable physical
and chemical properties.9

F
Me

N

N

n

Bu

F

B

F

F

Figure 5.2. Structure of (BMIM)BF4
Organic solvents and substrates generally have very limited miscibility with
ionic liquids, but organometallic complexes based on rhodium, ruthenium,
palladium, nickel, and cobalt are usually soluble. In addition, the ionic nature of
these liquids make them particularly attractive as solvents for ionic catalysts. Most
of these ionic liquids are readily available commercially, however, they are quite
expensive ($1200/L for (BMIM)BF4) and often have relatively high levels of halide
precursor impurities. They can also be prepared using well established
procedures found in the literature, however, it is notoriously difficult to obtain the
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ionic liquids in high enough purity for them to provide consistent results for
homogeneous catalysis. 18
Table 5.1. Properties of some ionic liquids.
R

X-

mp

v30

d30

Butyl

BF4

-81

2.33

1.15

Butyl

PF6

10

3.12

1.37

Butyl

AlCl4

-88

2.94

1.23

v30= viscosity at 30º C, d30= density at 30º C in g ml-1

5.5.

Ionic Liquids in Catalysis
The first attempts to use quaternary ammonium ionic liquids were made by

Parshall at Dupont in 1972.19 He performed the hydrogenation and carbonylation
of olefins using a PtCl2 catalyst, noting the biggest advantage in using ionic liquids
was the ability to simply decant the final product from the reaction mixture with no
catalyst contamination. This was followed in 1981 by the hydrogenation of carbon
monoxide using ruthenium catalysts and ionic liquids based on the tetrabutylphosphonium cation and tetrachloroaluminate anion.20 The disadvantage to these
systems are their relatively high melting points and reactivity to water.
In the 1990’s the advent of stable ionic liquids based on 1-alkyl-3-methyl
imidazolium cations has provided new interest for using these liquids as solvents
for homogeneous catalysis. Several types of catalysis have been studied,
however the discussion here will be limited to hydroformylation.
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5.6.

Hydroformylation in Ionic Liquids
One of the most extensively studied homogeneous catalytic processes

studied so far has been hydroformylation. The biphasic hydroformylation of 1pentene by various classical rhodium based catalyst precursors has been
reported.21 Chauvin et al have shown the classical Rh/PPh3 system can catalyze
the hydroformylation of 1-pentene to hexanals in BMIM(PF6), although the results
are less than stellar. Chauvin was able to obtain 99% conversion with average
turnover frequency (TOF) of only 5 h-1, and a low aldehyde l:b ratio of only 3:1.
Using this system Chauvin noted catalyst leaching into the product phase of the
reaction mixture. Chauvin managed to suppress the catalyst leaching by using the
more polar monosulfonated (TPPMS) and trisulfonated (TPPTS) ligands. The use
of TPPMS ligand produced a still low l:b ratio of 3.9:1 and a somewhat faster TOF
of 59 h-1. It is fairly clear that catalyst leaching into of the product layer can be
largely avoided via use of water soluble phosphine ligands. That still leaves one
with the rather slow hydroformylation rates, which, as we shall see, is tied into the
low solubility of H2 and CO gas in ionic liquids.
Anthony and coworkers have recently conducted an in-depth study of
various gases in ionic liquids and other solvents.22 Using a gravimetric balance,
they were able to determine Henrey’s law constants for several gases in ionic
liquids, where Henry’s law is defined as:
H1(T,P) ≈ P1/ x1
H1(T,P)= Henrey’s constant at given temperature and pressure
P1= fraction of undissolved gas
X1= fraction of dissolved gas
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Using this experimental approach, they showed that the Henry’s law
constant for both hydrogen and carbon monoxide in ionic liquids is below the
detection limits up to a pressure of 14 bar (see Table 5.2 below). This helps
explain the slow rates seen by Chauvin and other workers when attempting
hydroformylation in ionic liquids.
Table 5.2. Henry’s law constants of carbon monoxide and hydrogen in various
solvents
Gas

(BMIM)PF6

Heptane

Cyclohexane

Ethanol

Acetone

CO

>20,000

587.7

1022.5

2092.2

1312.7

H2

> 1500

1477.3

2446.3

4902.0

3382.0

When using the classical triphenylphosphine ligand, the catalysis is actually
taking place in the substrate (1-pentene) and the low rate observed is supportive of
this fact wherein the substrate is competing with the carbon monoxide and
especially H2 for binding to the rhodium metal center. When the water soluble
TPPMS ligand is used, the catalysis takes place in the ionic liquid, where similar
results are obtained, but much lower conversions are obtained because, in this
case, the limiting factor on the catalysis is the mass transfer of the H2 and CO gas
into the ionic liquid.
Other attempts to perform Rh hydroformylation have been made using
electron deficient phosphine ligands based on colbatcenium backbones (Figure
5.3).23 The results obtained were better than those for classical type systems, in
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ionic liquids, but still far less active than commercially used systems. This system
also lacks the ability to recycle the catalyst for subsequent catalytic reactions,
further limiting the potential use as commercially used hydroformylation catalyst.

PPh2
PF6

Co
PPh2

Figure 5.3. Structure of the cobaltcenium based phosphine ligand.

Table 5.3. Selected data from hydroformylation in ionic liquids and scCO2.
Solvent

Cosolvent

%
Conversion

TON

l:b

Chemoselectivity

Toluene

n/a

>99

400

2.5

83.9

(BMIM)PF6

n/a

>99

400

2.4

15.7

(BMIM)PF6

scCO2

40

160

6.1

83.5

Rh/P(OPh3) catalyst system, s/c = 400, P= 70 bar.

Another development in the Rh catalyzed hydroformylation in ionic liquids
has been the use of supercritical CO2 .24 Using a ionic liquid/ supercritical CO2
solvent system and a highly active Rh/phosphite catalyst system, Cole-Hamilton
and coworkers found relatively low selectivity and slow rates, with especially low
conversion in the scCO2/ionic liquid combination. The advantage of using
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supercritical CO2 is that it should have enabled much higher solubility of H2 and
CO into the ionic liquid, but this did not happen in this study.
5.7. Catalytic Studies of [Rh2(nbd)2 (et,ph-P4)](BF4)2 in Ionic Liquids
Several solvent systems have been employed in the various studies involving
[Rh2(nbd)2 (et,ph-P4)](BF4)2 , 2, summarized below in table 5-4. Finding a suitable
solvent system for 2 has been an ongoing task for our group. Thus far, the best
solvent employed for the hydroformylation using 2 has been a mixed 70/30
acetone/water system.25 Although this system does give good heptaldehyde
product phase separation at the end of the catalysis, the dirhodium catalyst,
surprisingly, has higher solubility in the aldehyde product layer. Clearly either a
different, more polar ligand is required to keep the catalyst in the polar solvent
phase, or a new solvent is needed to enable clean product-catalyst phase
separation. Unlike most other monometallic Rh systems, the dirhodium catalyst
naturally exists as a dicationic complex (BF4− counteranions) throughout the
catalytic cycle. This appears to make 2 an ideal candidate for hydroformylation
studies in ionic liquids.
Several ionic liquids were tested with respect to the solubility of 2 in the
solvent as well as actual catalytic runs. (BMIM)BF4 was chosen as the best
candidate ionic liquid because 2 has about the same solubility as in acetone and it
contains the same counter-ion. Samples obtained from Aldrich were far too
expensive to allow for extensive studies to be performed (~ $500 for 100g), so a
less expensive vendor was sought as a source of (BMIM)BF4. After an extensive
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search was conducted to find the best vendor, Ozark Fluorine was chosen. One
kilogram of (BMIM)BF4 was obtained for ca. $800. Hydroformylation in this gave
extremely poor results: 3:1 l:b, initial TOF = 80 hr-1, and only ca. 50 % conversion
after 24 hours. It was also observed at the end of several runs that a black solid
was present in the ionic liquid layer, presumably Rh metal. Addition of 3% water to
the ionic liquid did little to enhance the selectivity or rate for the catalysis; however
it did succeed in retaining a more sizeable fraction of the dirhodium catalyst in the
polar phase of the mixture after hydroformylation was complete.

Figure 5.4. 31P High pressure NMR spectrum of 2 in (BMIM)BF4 at room
temperature and 250 psig H2/CO. The primary species present is the open-mode
pentacarbonyl, [rac-Rh2(CO)5(et,ph-P4)]2+.
We hypothesized that the reason for the poor performance of 2 in
(BMIM)BF4 was due to the low solubility of the H2/CO gas mixture in the ionic
liquid. As can be seen in Figure 5.4, the 31P NMR spectrum of 2 in (BMIM)BF4
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under 250 psig H2/CO (1:1) shows that the primary product formed is the open
mode pentacarbonyl complex [rac-Rh2(CO)5(et,ph-P4)](BF4)2 , and very little of the
proposd hydride containing catalyst, [rac-Rh2H2(μ-CO)2(et,ph-P4)]2+. This provides
further support for the previously reported especially low solubility of H2 in ionic
liquids, and the broadness of the peaks indicate a low CO concentration in solution
as well.
In an effort to combat this lower gas solubility in the ionic liquid solvent, the
conditions of the catalytic studies were changed to give both a higher overall
pressure of the syn gas, and a higher pressure of hydrogen in the reaction vessel,
summarized below in Table 5.4. This led to a distinct increase in the
hydrogenation side reaction, however efforts to bring the hydrogenation to
completion were unsuccessful.
Table 5.4. Hydroformylation of 1-hexene by 2 in BMIM(BF)4.
Solvent

Co-solvent

%
Conversion

l:b

TOF
(hr-1)

%
Hydrog

Acetone

30% water

>99

33

1800

>1

(BMIM)BF4

n/a

52

2.4

28

>1

(BMIM)BF4*

n/a

47

3.2

34

>1

(BMIM)BF4**

3% water

49

2.9

21

42

(BMIM)BF4

3% water

47

2.6

27

>1

(BMIM)BF4

30%
acetone

72

2.1

52

>1

s/c=1000, 90oC, 1000 rpm stirring, 90 psig H2/CO *Sample of (BMIM)BF4 with chloride contamination.
** 300 psig and 4:1 H2/CO ratio used.
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As can be seen, results obtained under the more forcing conditions of
higher pressures and hydrogen rich led to results that were no better than standard
hydroformylation conditions. These results are generally consistent with results
reported in the literature, i.e., poor. It was concluded that 2, while similar to or
faster than other reported catalysts, did not produce sufficient positive results in
ionic liquids to warrant further investigation.
5.8.

Conclusions
Low l:b selectivity is a clear marker that the closed mode catalyst, 2, is not

forming. Ionic liquids favor ion separation and appear to keep the two cationic Rh
centers apart. This lends to the conclusion that Stanley’s catalyst is not a suitable
candidate for use in an ionic liquid solvent system.
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Chapter 6. Experimental Section

6.1.

General
All synthetic procedures were carried out under inert atmosphere

conditions using Schlenk techniques or glove boxes. All solvents except acetone
were purified via distillation under inert atmosphere using the following drying
agents: toluene, hexane, pentane, THF (Na/K alloy, benzophenone); CH2Cl2,
acetonitrile (CaH2); MeOH (Mg turnings). All solvents degassed by sparging
with nitrogen. Rh(CO)2(acac) (Celanese Ltd.), vinylMgBr, and norbornadiene
(Aldrich) were used as received. 1-Hexene impurities removed by passing
through an alumina column, and storing over alumina under nitrogen. NMR
spectra were collected on Bruker AC-250, ARX-300, AC-400, or AMX-500
instruments. 1H NMR data is listed in ppm using TMS as an internal reference.
31P NMR data are listed in ppm using external H3PO4 as a reference. The
synthesis of et,ph-P4 and the corresponding Ni and Rh complexes have been
reported elsewhere, but are reported here in detail for the sake of continuity in
the Stanley research laboratory. 1
6.2.

Synthetic Methods
All cannula transfers referred to as drop wise refer to a rate of 2-3 drops

per second unless otherwise noted. Slow stirring is defined as setting of 1 or 2 on
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the Corning stirrer/hotplates currently in use. All materials should be regarded as
air-sensitive with the exception of Ni complexes, and Rh(nbd)acac.
6.3.

Synthesis of Bis(phenylphosphino)methane (Bridge)
In a glove box, to a 1 liter Schlenk flask containing 220 ml of degassed

DMF 20 g of phenylphosphine and 7.7g of dry DCM are added. To this, a 56%
KOH solution is added drop wise (35ml) at 00 C and allowed to stir at 0o C for
four hours or until a color change from orange to light yellow is observed. The
flask is then charged with 145 ml of degassed water to quench the reaction,
followed by product extraction via three 80 ml aliquots of pentane. The pentane
is then removed from the product through vacuum distillation at a temperature
between 80-90o C for one hour. Typical yield- 80-85%, typical purity( via 31P
NMR) 95%. 31P spectrum shown below in Figure 6-1.

Figure 6.1. 31P NMR spectrum of Bridge, Ph(H)PCH2P(H)Ph.
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6.4.

Synthesis of Diethylchlorophosphine Et2PCl
38.21g (0.278 mol) PCl3 and 40.08g (0.280 mol) Zn(Et)2 were added to

separate Schlenk flasks containing 50 ml tetra glyme. The flasks are removed
from glove box, placed on a Schlenk line, and cooled to 0oC. The Zn(Et)2 is
added drop wise to the PCl3. Upon completion of the addition, the flask is
removed from the ice bath, and sufficient time is given to allow the reaction
mixture to come to room temperature. The product is then removed under
reduced pressure at 70oC and collected via a liquid nitrogen trap. Product is a
colorless to pale yellow liquid. Typical yields 70-80%. Purity >95%. 31P spectrum
shown below in Figure 6.2.

Figure6.2. 31P NMR spectrum of Diethylchlorophosphine, Et2PCl.
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6.5.

Synthesis of Diethylvinylphosphine
To a solution of vinylmagnesium bromide 162 ml (0.162 mol) 150 ml of

triglyme is added. The mixture is heated and the THF is removed under reduced
pressure. To this solution 20.1 g (0.162 mol) of diethylchlorophosphine in 25 ml
tetraglyme is added at 0o C. The mixture is then removed from the ice bath and
allowed to react for ca. 15 mins, and then the colorless to pale yellow product is
isolated via vacuum distillation. Typical yields 75-80%, Purity > 95%. 31P
spectrum shown below in Figure 6-3.

Figure 6.3. 31P NMR spectrum of Diethylvinylphosphine, Et2P(CH=CH2).
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6.6.

Synthesis of et,ph-P4
A Schlenk flask is charged with 16.3 g (0.140 mol) of diethylvinyl-

phosphine and 13.0 g ( 0.056 mol) of bridge. This is placed in a beam of UV light
(xenon lamp) with stirring.
The reaction is allowed to proceed for ca. 8 hours to completion. Excess vinyl is
then removed under reduced pressure to give a viscous oil. Isolated yields >
99%, purity > 99%, 1:1 rac:meso, 31P spectrum shown below in figure 6.4.

Figure 6.4. 31P NMR spectrum of rac,meso-et,ph-P4.
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6.7.

Synthesis of Mixed Ni2Cl4(et,ph-P4)
In general, the ligand solution in ethanol was added drop wise to a

rapidly stirring solution of NiCl2 in ethanol and allowed to stir ca. 24 hours. This
mixture was then filtered to remove the orange precipitate, mainly mesoNi2Cl4(et,ph-P4). This precipitate was then rinsed with three ca. 30 ml portions of
the ethanol. The filtrate was the concentrated under vacuum to give a dark tarry
amorphous solid, mainly rac-Ni2Cl4(et,ph-P4) .
6.8.

Cyanolysis of Filtrate Residue
A Schlenk flask containing rac-Ni2Cl4(et,ph-P4) (4.2 g , 6.26 mmol) was

charged with 40.83 g NaCN (0.833 mol, 133 equiv. ) in 250 ml of water and 100
ml MeOH. The solution is allowed to slowly stir for ca. three hours while the
solution turned from orange to red. The solution is then charged with 46.1g (0.94
mol, 150 equiv.) of NaCN and then stirred slowly until all the NaCN dissolves (ca.
30 min). The free ligand is then extracted in three 100 ml portions of benzene as
a light yellow solution. This solution is then passed through a neutral alumina
column and the solvent removed to give 2.00 g of 70% pure rac-et,ph-P4. Yield
not applicable due to 30% meso-et,ph-P4 contamination.
6.9.

Cyanolysis of meso-Ni2Cl4(et,ph-P4)
6.9 g of meso-Ni2Cl4(et,ph-P4) is added to a Schlenk flask with 140 ml

degassed deionized water and allowed to stir for ca. 2 hours to give a dark red
solution. A solution of 2.4 g NaCN in 69 ml of water is then added drop wise very
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slowly ( 1 drop every 5 seconds) with very slow stirring. 138 ml of MeOH is then
added followed by 24.2 g NaCN and allowed to stir rapidly giving a bright red
solution. The free ligand is then extracted in four 100 ml aliquots of benzene,
yielding a bright red solution. The red color is removed by passing the solution
through two large columns of neutral alumina, and the benzene is removed
yielding 1.0 g of free ligand, in a ca 3:1 ratio of racemic to meso.
6.10. Synthesis of Rh(nbd)(acac)
Rh(CO)2(acac) (3.0 g, 11.6 mmol) and excess norbornadiene (85 ml)
were added to a 250 ml Schlenk flask. The flask was equipped with a reflux
condenser and heated with stirring in an oil bath at 90°C for 3 hrs. The solution
turned from dark green to bright yellow. The solution was then cooled, filtered,
and the unreacted norbornadiene was removed under reduced pressure. The
resulting yellow powder was recrystallized from cold hexane to form air-stable
yellow crystals. Isolated yield: 90-95%. 1H NMR (CDCl3): 1.2-2.0 (m, CH2 of
nbd and CH3 of acac), 3.8-4.0 (m, CH of nbd), 5.3 (s, CO-CH-CO of acac), 6.2
and 6.7 (br s, and br m, olefinic CH of nbd).
6.11. Synthesis of [Rh(nbd)2](BF4)
Rh(nbd)(acac) (2.01 g, 6.85 mmol) was dissolved in 30 ml of THF in a
glove box. The solution was cooled to 0°C and HBF4. OEt2 (1.275 g of an 85%
solution) added drop wise. The color changed from yellow to dark red.
Norbornadiene, (3.0 g, 32.6 mmol) was added and an orange-red precipitate
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formed. The flask was cooled to -20°C for 3 hours and the precipitate collected
by filtration. Isolated yield: 90-95%. 1H NMR (CD2Cl2): 1.7 (br s, bridgehead
CH2 of nbd), 4.3 (br s, CH of nbd), 5.3 and 5.6 (br m, and br s, olefinic CH of
nbd).
6.12. Synthesis of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2
[Rh(nbd)2](BF4), (3.74 g, 10 mmol) was dissolved in 10 ml of CH2Cl2 in a
125 ml flask. Rac-et,ph-P4 (2.32 g, 5 mmol 75% purity) was dissolved in 5 ml of
CH2Cl2 and added drop wise to the solution of [Rh(nbd)2]BF4 with good stirring.
The CH2Cl2 was then removed under reduced pressure. The resulting redorange solid was recrystallized from acetone to yield orange crystals. Isolated
yield: 88-95%. 31P NMR spectrum shown below in Figure 6.5.

Figure 6.5.

31

P NMR spectrum of [rac-Rh2(nbd)2(et,ph-P4)](BF4)2.
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6.13. Hydroformylation Runs
A schematic of the autoclave setup is shown in Figure 6. An insulated 300
ml stainless steel reservoir cylinder equipped with an electronic pressure
transducer. A stainless steel reservoir is used to store an excess of H2/CO
(usually 800-1200 psig). A thermocouple is located next to the external reservoir
(and covered by the insulation) to keep track of its temperature. This cylinder is
connected to a Parr model 4560 autoclave (160 ml volume) via an Air Products
straight-line dual stage regulator (250 psig maximum deliverable pressure, but
can replace this regulator with a 2000 psig regulator for high pressure runs). The
regulator allows performance of constant pressure autoclave runs. There is a 50
ml stainless steel cylinder connected via a bypass loop to the gas/liquid inlet for
the autoclave. This container is used to store liquid alkenes for addition under
H2/CO pressure to the catalyst solution in the autoclave. The advantage of this
setup is that one can load the autoclave with the catalyst solution and pressurize
it with H2/CO to allow pre-equilibration and formation of the active catalyst
species. Importantly, this allows one to determine whether there are any leaks in
the autoclave prior to starting a catalytic run.
The autoclave is equipped with an electronic pressure transducer, packless
magnetic stirrer (maximum stirring speed of 1100 rpm), and thermocouple. The
Parr autoclave introduces the gas into the solution via a dip tube. This same dip
tube allows solution samples to be taken during runs. A Parr model 4850
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electronic controller is used that has data collection channels for the two
pressure transducers, thermocouple, elapsed time, stirring rate and can operate
two independent autoclaves.

PC

Parr
4850

thermocouple

controller
regulator

pressure
transducer

reaction
gas reservior
(insulated)
N2 /vac
sample
reservior

N2 /vac

thermocouple

Main
Gas
Supply

Autoclaves
Packless Magnetic
stirring to 1100 rpm
150, 450, 600 mL

Figure 6.6. Hydroformylation reactor.
Recent purchase of a modern PARR 4870 Controller allows for control and
real time monitoring of data from four separate autoclaves on a PC.
Experimental conditions for a typical catalytic run: the catalyst precursor 1
(0.090 g, 0.0875 mmol) is dissolved in 80 ml of 70 % acetone 30 % water under
inert atmosphere conditions in a 150 ml capacity Parr autoclave under inert
atmosphere in the glove box. 1-hexene (10 ml, 6.73 g, 80 mmol) is added under
inert atmosphere conditions to the external addition cylinder connected to the
autoclave. The autoclave is flushed with H2/CO for approximately one minute,
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then heated to 90° C and stirred at 1000 rpm with approximately half the desired
operating pressure (~ 45 psig) of a 1:1 H2/CO gas mixture. When the autoclave
stabilizes at 90°C (~ 65 psig), the alkene addition cylinder is pressurized with 90
psig H2/CO and the olefin is transferred into the autoclave. A typical soaking
time at 90ºC for the catalyst is 20 minutes prior to alkene addition. An initial
sample is taken and the data collection begins. All runs are done at constant
autoclave pressure. 1-2 ml samples from the autoclave are taken at regular
intervals and analyzed by GC (with secondary confirmation by 1H NMR) for
product distributions.
The following data is collected (typically every 1 minute during a standard
three hour run, although it is possible to collect data every second if needed):
the autoclave’s pressure and temperature, the external gas reservoir temperature
and pressure, and the elapsed time from the alkene addition marking the start of
a run. At any point during a run (but typically at the end of a run) all of the above
data from the controller can be analyzed, and the controller is configured to give
a real time view of pressure drop is the gas reservoir. (Specview software was
used on the personal computer to collect and store the ASCII data being
transferred from the new Parr 4870 controller.)
The ASCII text file generated was then imported into Microsoft Excel for data
analysis. First a temperature correction was performed on the reservoir gas
pressure readings. A single room temperature reading was chosen as the
reference and deviations (positive or negative) from this temperature are used
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via the Ideal Gas Law equation to correct the pressure in the external gas
reservoir to ideal constant temperature values. This eliminates pressure
variations induced by changes in room temperature during the course of a run,
although the insulation around the reservoir usually minimizes temperature
variations in the reservoir to a few tenths of a degree, then use the Ideal Gas
Law equation to convert the differential pressure readings from the external
reservoir into mmols of gas being consumed, and in turn, equivalents of aldehyde
product being produced. Due to the generally small amount of hydrogenation
side reactions occurring, no corrections for the number of equivalents of product
being produced for the alkene hydrogenation are made (this only consumes one
equivalent of H2, whereas hydroformylation consumes one equivalent of H2 and
CO).
6.14. In Situ NMR Studies
The in situ NMR studies of the catalytic solutions were conducted using a
Wilmad model 524-PV-6 “high pressure” 5 mm NMR tube with a Teflon valve.
An important modification implemented was to wrap the threads on the Teflon
valve with at least three turns of standard thickness Teflon tape. This made for a
considerably tighter fit between the threads of the valve and the glass NMR tube.
This kept the Teflon valve from leaking at the high pressures typically used (110–
350 psig). Although Wilmad does not formally rate these NMR tubes for
maximum pressure capacity, routinely they are pressurized up to 300-350 psig
without any problem. A standard 1/8” Swagelok fitting and 1/8” copper tubing
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was used to connect the top of the Teflon valve on the Wilmad NMR tube to the
H2/CO tank. A 500 psig gage was placed on a T–joint prior to the NMR tube
allowing direct monitoring of the pressure in the NMR tube. Due to the small gas
volume (~ 2 ml) in the NMR tube and the high 30–80 mM concentration of
catalyst precursor present (~1.5 ml of solution), one needed at least several
hours of reasonably vigorous shaking every 5-10 minutes while the tube is open
to the gas tank. This ensured that enough gas gets into the NMR tube to fully
react with the catalyst precursor and provide a reasonable excess of gas. There
is very slow gas mixing into the NMR tube solution. Even with this extended
mixing time, almost always one has to return to recharge the NMR tube with
additional H2/CO to insure the presence of excess gas.
Acquisition of the new PARR 4870 controller allows for the connection of a
standard fitting to the gas purge valve of the autoclave, negating the need for a
pressure gage, and allows for a more accurate measure of the pressure
introduced into the high pressure NMR tube.
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